Gas-to-RTIL (room-temperature ionic liquid) partition coefficients have been compiled for 592 different solute-RTIL combinations. These partition coefficients were converted into water-to-RTIL partition coefficients using the corresponding gas-to-water partition coefficients. Both sets of partition coefficients were analyzed using the Abraham solvation parameter model with cation-specific and anion-specific equation coefficients. The derived equations correlated the experimental gas-to-RTIL and water-to-RTIL partition coefficient data to within 0.10 and 0.14 log units, respectively. The 8 sets of calculated cation-specific equation coefficients and 4 sets of calculated anion-specific equation coefficients can be combined to yield expressions capable of predicting the partition coefficients of solutes in 32 different RTILs.
INTRODUCTION
Room-temperature ionic liquids (RTILs) have become an increasingly popular solvent choice in the past decade as a reaction media for synthesis of potential new pharmaceutical drug molecules, biomolecules, and polymers, [1] [2] [3] as reservoirs for the controlled release of drug molecules in pharmaceutical formulations, 4 and as an extraction solvent for the removal of sulfur compounds 5 and organic contaminants from petroleum crude oils and soil samples, 6 respectively. Immiscibility of ionic liquids with supercritical carbon dioxide, linear hydrocarbons, and several acyclic organic solvents makes RTILs ideally suited for synthetic preparations involving biphasic catalysis. 7 Most (if not all) of these synthetic methods have been performed in RTILs. Much higher product yields and shorter reaction times were reported for RTILs than for the more conventional organic solvents.
Currently synthetic procedures are known for making more than 200 different RTILs. 8, 9 Considerable time and effort is devoted to developing ionic liquids having specific solvent characteristics. From a theoretical standpoint it should be possible to control and modify the physical properties (viscosity, density, conductivity) and solubilibizing properties (hydrophobicity, hydrophilicity, hydrogen-bonding character) of RTILs by employing different cation-anion combinations. Our understanding of RTILs has not reached the point where this goal is realized.
Several recent papers have reported mathematical expressions for correlating and estimating infinite dilution activity coefficients and partition coefficients in select RTILs. Eike et al. 10 proposed quantitative structure-property relationship (QSAR) correlations for the published infinite dilution activity of organic solutes in 4- 2 N] -) at 298 K that had squared correlation coefficients ranging from R 2 ) 0.952 to R 2 ) 0.975. Tämm and Burke 11 later reanalyzed the experimental data and reported three-parameter correlations based on molecular descriptors obtained using CODESSA PRO software. The authors' three-parameter correlations described the published experimental data to within standard errors from SE ) 0.30 to SE ) 0.35 log units. Acree, Abraham, and co-workers reported mathematical correlations based on the general Abraham solvation parameter model for the gas-tosolvent, K, and water-to-solvent partition coefficients, P, for ten different anhydrous RTILs [12] [13] [14] and for two practical water-to-RTIL partition systems. 15 The ten anhydrous waterto-RTIL correlations describe "hypothetical" partitions, and the partition coefficient is calculated as a molar solubility ratio for the solute dissolved in both neat solvents. Practical partitions, on the other hand, represent true equilibrium solute partitioning between the water-saturated organic phase and an aqueous phase that is saturated with the organic solvent. Correlations derived from the Abraham model described the experimental log K and log P data for 10 RTILs to within average standard deviations of (0.086 log units and (0.129 log units, respectively. The quoted values represent the average value of the standard deviations of the individual log K and log P correlations of the 10 RTILs.
The drawback in using QSAR and linear free energy relationship (LFER) models is that a separate equation must be derived for each RTIL solvent studied. There is no transfer of knowledge from one ionic liquid to the next. To address this problem we have devised a method for separating the five individual solvent coefficients in the Abraham model into cation-specific and anion-specific values that would apply to all RTILs containing the given cation and/or anion. While we illustrate our method with the Abraham model, there is no reason that the same methodology could not be applied to other QSAR and LFER models. Our method of separation of solute-cation and solute-anion contributions, if successful, allows us to construct the database for regression analyses by combining experimental partition coefficient for several different RTILs. The only restriction is that each cation and anion should appear in more than one RTIL. Our approach lets us utilize experimental data that would otherwise be unusable with the current method of obtaining Abraham model correlations for RTILs. Moreover, once the cation-specific and anion-specific equation coefficients are calculated, new predictive equations can be written simply by summing the known values. As a result, estimation of gas-to-RTIL and water-to-RTIL partition coefficients can be made for solutes dissolved in an ionic liquid for which there is insufficient experimental data to develop a RTIL-specific Abraham model correlation.
EXPERIMENTAL METHODS
Most of the experimental data that we were able to retrieve from the published literature pertained either to the infinite dilution activity coefficient, γ solute ∞ , or Henry's law constants, K Henry , for solutes dissolved in RTILs. In order to apply the Abraham model the infinite dilution activity coefficients and Henry's law constants need to be converted to log K values for gas to ionic liquid partition through eqs 1 and 2 or to log P values for partition from water to the ionic liquid through eq 3
In eqs 1 and 2, R is the universal gas constant, T is the system temperature, VP solute o is the vapor pressure of the solute at T, and V solvent is the molar volume of the solvent. The calculation of log P requires knowledge of the solute's gasphase partition coefficient into water, K w , which is available for most of the solutes being studied.
We have provided Excel spreadsheets (see the Supporting Information) that contain the partition coefficient data for the 584 different solute-RTIL combinations. The database has log K and log P values for solutes dissolved in 4-methyl-N-butylpyridinium tetrafluoroborate ([BMPy] For the analysis of data, we have modified the two linear free energy equations of the Abraham solvation parameter model [12] [13] [14] [15] [53] [54] [55] [56] by rewriting each of the six solvent equation coefficients (e, s, a, b, V, and l) as a summation of their respective cation and anion contributions. Equations 4 and 6 apply to solute transfer between two condensed phases (i.e., log P), while eqs 5 and 7 involve solute transfer from the gas phase (i.e., log K). The dependent variables in eqs 4-7 are the solute descriptors as follows: E and S refer to the excess molar refraction in units of (dm 3 mol -1 )/10 and dipolarity/polarizability descriptors of the solute, respectively, A and B are measures of the solute hydrogen-bond acidity and hydrogen-bond basicity, V is the McGowan volume in units of (dm 3 mol
)/100, and L is the logarithm of the gas-hexadecane partition coefficient at 298 K. The numerical value of E is obtained from the refractive index of the pure liquid compound at 293 K; if the compound is a gas or solid, then the refractive index can be estimated or E itself can be calculated quite easily. 57 The descriptors S, A, B, and L are obtained from gas-liquid chromatographic measurements, water-to-solvent partition measurements, and solubility data as described in detail elsewhere. 53, [58] [59] [60] [61] The McGowan descriptor V is calculated from the atomic sizes and number of bonds in the molecule. 62 We have also tabulated in the Excel spreadsheets (see Supporting Information) the solute descriptors for all of the solute molecules considered in the present study. The values are arranged in a 62 column × 584 row matrix (log K) and a 62 column × 571 row matrix (log P) by RTIL. The 62 columns are labeled according to ion-equation coefficient (e.g., e MEIm , s MEIm , ..., log K or log P), and each row corresponds to one of the different solute-RTIL combinations.
The solute descriptors are entered into the matrices under the appropriate column headings for the cation and anion in the RTIL in which the experimental partition coefficient was measured. Zeroes were placed in the cells for all other cations and anions not in the given RTIL. Both data matrices are in the form needed for our least-squares regression analyses.
We make a few additional comments concerning the computational methodology that will be employed in this study. The cation-specific and anion-specific coefficients in eqs 6 and 7 are paired. Each cation-specific coefficient goes together with its anion-specific counterpart to make up a summed value that the five solute descriptors are multiplied by. If one were to perform a regression analysis on eq 6 (or eq 7), then the statistical software would generate numerical equation coefficients based on some reference point. The reference point would likely depend on the particular database used and the software's built-in convergence routine. Calculation of additional ion values at some later time would be difficult as there would be no guarantee that the next regression analysis would find the same reference point. The simplest method that we know for getting the same reference point for all future analyses would be for us to mathematically set the equation coefficients for one ion equal to zero. Equation coefficients for all other ions would then be calculated relative to our fixed values. Theoretically it should not matter which ion we make as the point reference. We will set the anion-specific equation coefficient of [(Tf) 2 
N]
-equal to zero in all regression analyses performed in this study. If the RTIL contains the [(Tf) 2 N] -anion, then the calculated log P and log K values will only use five cation-specific equation coefficients for the cation present in the ionic liquid. In many respects our fixed reference point is analogous to how the chemical potentials of the individual ions are determined. By convention the chemical potential of the hydrogen ion is defined to be zero, and the values of all other ions are computed relative to this defined thermodynamic reference state.
RESULTS AND DISCUSSION
The 584 experimental log K values were analyzed collectively by regression analysis to yield the following correlation
The calculated cation-specific and anion-specific equation coefficients are listed in Table 1 . Here and elsewhere N corresponds to the number of data points, R denotes the correlation coefficient, SD is the standard deviation, and F gives the Fisher F statistic. Regression analysis was performed using SPSS statistic software. 63 Equation 8 is statistically very good and describes an experimental log K database that covers a 6.92 log unit range to within a standard deviation of 0.102 log units. The number of experimental data points for the individual ions ranges from a minimum of 31 log K values for the [NEP] + cation to more than 350 log K values for the [(Tf) 2 N] -anion, which is sufficient for the regression analysis. Figure 1 depicts a plot of experimental log K data versus the calculated values based on eq 8 (each prediction calculation uses only the values for the cation and anion in the given RTIL).
As part of our data analyses we estimated how much predictive ability was likely to be lost as the result of separating the Abraham equation into cation-specific and anion-specific values. Abraham model correlations have been reported for 10 of the 15 RTILs studied here. To have a common basis for comparison, the deviations between observed and calculated values were expressed as Table 1. which is how the deviations were reported in the earlier studies. The results of our computations are summarized in Table  1 ), the cation and anion values for any coefficient in eq 11 add up to the value of the coefficient in eq 10; this of course is a condition for self-consistency of our method. We have already shown that the equation coefficients in the individual RTIL correlations encode valuable information regarding the solubilizing properties of the individual RTILs. 12, 13 We expect the cation-specific and anion-specific values to similarly provide information regarding solute-ion interactions; however, now the information should be relative to our fixed reference point of the (Tf) 2 N -anion. The major advantage of our method is that we can make predictions for more room-temperature ionic liquids. In the past one had to have sufficient experimental data for each RTIL to develop a separate correlation equation. Generally this required finding or measuring partition coefficients of 40 or 50 solutes in the RTIL under consideration. We were able to find experimental partition coefficient data for only six solutes in 1-methyl- To further assess the predictive capability of eq 8, we divided the 584 data points into a training set and a test set by allowing the SPSS software to randomly select half of the experimental data points for each RTIL. The selected data points became the training set, and the compounds that were left served as the test set. Analysis of the experimental data in the training set gave the cation-specific and anionspecific equation coefficients listed in Table 3 , with N ) 292, SD ) 0.094, R 2 ) 0.994, and F ) 736.0. The training set equation coefficients were then used to predict log K values for the 292 compounds in the test set. For the predicted and experimental values we find SD ) 0.086, average absolute error (AAE) ) 0.088, and average error (AE) ) 0.012. There is therefore very little bias in the predictions using eq 8 with AE equal to 0.012 log units.
The 571 experimental water-to-RTIL partition coefficients were analyzed in similar fashion according to The calculated cation-specific and anion-specific equation coefficients are given in Table 4 , along with their respective standard deviations. Equation 13 is statistically very good with a standard deviation of 0.135 log units for a log P data set that covers a range of 7.67 log units. See Figure 2 for a plot of the calculated values of log P based on eq 13 against the observed values.
The derived water-to-RTIL correlation was validated by dividing the 571 experimental data points into a training set and a test set as before. Analysis of the experimental log P data in the training set gave the cation-specific and anionspecific equation coefficients that are tabulated in Table 5 , with N ) 286, SD ) 0.120, R 2 ) 0.994, and F ) 746.6. The training set equation was then used to predict log P values for the 285 compounds in the test set. For the predicted and experimental values we find that SD ) 0.113, AAE ) 0.131, and AE ) 0.041. There is therefore very little bias in the predictions using eq 13 with AE equal to 0.041 log units.
Finally, water-to-RTIL correlations have been reported in the literature for 10 ionic solvents. In Table 6 we have assembled the deviations between observed and calculated values based on eq 13 and the deviations that were reported at the time each RTIL-specific correlation was published. All tabulated deviations were calculated using eq 6. Examination of the tabulated values indicates that there is a small loss in predictive ability due to splitting of the solvent Figure 2 . Comparison of experimental log P data and predicted values based on the Abraham model with the cation-specific and anion-specific equation coefficients given in Table 4 . equation coefficients into cation and anion values, an average standard deviation of SD ) 0.129 for the RTIL-specific correlations versus SD ) 0.136 for correlations using the cation-specific and anion-specific coefficients. The benefits associated with being able to construct additional predictive correlations simply by combining the tabulated cationspecific and anion-specific equation coefficients should more than outweigh the slight loss in predictive accuracy noted above. The 8 sets of cation-specific equation coefficients and 4 sets of anion-specific equation coefficients can be combined to yield predictive equations for 32 different RTILs. This more than triples the number of predictive Abraham model equations that were available prior to this study. The cation and anion contributions to the coefficients in eqs 8 and 13 represent the (relative) properties of ions in bulk ionic liquids. They should not be confused with the (absolute) properties of ions that we have previously obtained 64 and which refer to single isolated ions in solvents.
Supporting Information Available: Gas-to-RTIL and water-to-RTIL partition coefficient data for organic and gaseous solutes dissolved in 16 room-temperature ionic liquids and numerical values of the solute descriptors for the compounds studied available as an Excel spreadsheet. This material is available free of charge via the Internet at http:// pubs.acs.org.
